Introduction {#s1}
============

Collagen VI (ColVI) is a broadly distributed extracellular matrix (ECM; see Glossary, [Box 1](#DMM032946B1){ref-type="boxed-text"}) protein with a number of unique structural and functional features. It is considered a network-forming collagen, because it forms characteristic beaded microfilament nets ([Fig. 1](#DMM032946F1){ref-type="fig"}A) in the ECM ([@DMM032946C52]), through which it is able to interact with several other ECM components and with cell membrane receptors. Being a member of the collagen family, ColVI finely modulates the stiffness and mechanical properties of the ECM. Interestingly, it also impacts several intracellular processes and pathways, such as apoptosis, autophagy, cell stemness ([Box 1](#DMM032946B1){ref-type="boxed-text"}) and differentiation, tumor progression, and macrophage polarization ([Box 1](#DMM032946B1){ref-type="boxed-text"}) ([@DMM032946C12]). Box 1. Glossary**Adventitia:** the outermost connective layer of a blood vessel. It is also called *tunica externa*.**Amyloid angiopathy:** a disease characterized by deposition of amyloid deposits in the media and adventitia of cortical and leptomeningeal vessels. It can be associated with Aβ-42, Aβ-40, other Aβ isoforms or other proteins.**Amyloid precursor protein:** the transmembrane protein whose cleavage generates Aβ polypeptide, involved in the pathogenesis of Alzheimer\'s disease.**Apoptosis:** programmed cell death.**Aqueous humor:** the liquid produced by the ciliary epithelium of the lens, filling the anterior and posterior chambers within the eye.**Autophagy:** an intracellular bulk degradation process leading to the destruction of proteins or unnecessary or dysfunctional cellular components.**Basal lamina:** a thin, planar specialized ECM, tethering cells to the underlying connective tissue.**C-fibers:** small, unmyelinated sensory fibers characterized by a low conduction velocity. They react to thermal, mechanical or chemical stimuli.**Choroid plexus:** a layer of cuboidal epithelial cells surrounding a core of capillaries and loose connective tissue found in the CNS ventricles. It produces the cerebrospinal fluid.**Corpus callosum:** the myelinated commissure connecting the right and left cerebral hemispheres.**Dentate gyrus:** the region of the hippocampus involved in the formation of memory and the site of neurogenesis.**Diencephalon:** the portion of the forebrain localized rostrally to the midbrain, containing the thalamus and hypothalamus.**Electromyography:** a technique that records the electrical activity of a muscle.**Endoneurium, perineurium, epineurium:** sheaths of connective tissue enveloping single myelinating fibers (endoneurium), nerve fascicles (perineurium) and entire nerves (epineurium).**Extracellular matrix:** a network of secreted proteoglycans and proteins, providing a physical scaffold as well as biochemical and biomechanical cues to cells in a tissue.**Glia limitans:** astrocytic processes connected to the pia mater in the brain and spinal cord.**Glia:** non-neuronal cells that support and regulate PNS and CNS functions.***In situ* hybridization:** a probe hybridization-based technique that allows the localization of a specific mRNA in a tissue section.**Insertional mutagenesis screening:** a screen performed by mutating a genome via random insertion of a DNA sequence, in order to identify genes linked to a particular phenotype.***LacZ* reporter:** a genetic construct containing the bacterial *lacZ* gene (coding for the β-galactosidase enzyme) under the control of a gene promoter and/or regulatory region of choice. Upon addition of the substrate analog X-gal, a colored product is produced if the *lacZ* gene is active, allowing the detection of the promoter\'s or regulatory region\'s activity.**Ledged-beam walking test:** a test used to detect and measure sensory-motor impairments in rodent models, by letting them walk on a suspended beam increasingly narrowing from the start to the end site.**Luse bodies:** a form of aggregated ColVI fibrils with a high periodicity (40 to \>100 nm), found in connective tissues under pathological conditions.**Macrophage polarization:** the capacity of inactive macrophages to acquire different phenotypes depending on their microenvironment.**Megacolon:** a massive, pathological enlargement of the colon.**Meninges:** the membranous structures wrapping the brain and the spinal cord. Named pia mater, arachnoid and dura mater from the inner to the outer layer.**Morpholino oligonucleotides:** oligomers composed of DNA bases attached to a phosphorodiamidate backbone, used to modify gene expression, e.g. by gene knockdown.**Nerve conduction velocity:** the speed of an electric impulse along axons in a nerve.**Neural crest:** the embryonic structure formed by neural crest cells that will give rise to diverse cell types such as melanocytes, smooth muscles, glia.**Neural interstitial matrix:** the loose ECM present in the CNS parenchyma.**Neural tube:** the embryonic precursor of the central nervous system in vertebrates.**Nociception:** a neural process involving the transmission and processing of noxious stimuli.**Nodes of Ranvier:** periodic myelin interruptions occurring along an axon. The distance between Ranvier nodes is called internodal length.**Parenchyma:** the functional tissue characteristic of an organ. Brain parenchyma is composed of neurons and glial cells.**Perineuronal nets:** specialized ECM found around certain neuronal bodies, regulating synaptic stability.**Psammoma body:** a round laminar structure composed of calcium apatite and collagen, which can be found in meningiomas.**Pseudogene:** a gene that has lost at least some functionality, relative to the complete gene, in its expression or protein coding ability, often resulting from the accumulation of multiple mutations.**Schwann cells:** the major glial cells of the PNS. They wrap peripheral axons with myelin, a substance composed of lipids and proteins, thus ensuring a fast, saltatory electric impulse. The CNS counterparts of Schwann cells are oligodendrocytes.**Sclerotome:** the embryonic structure that will give rise to vertebrae and intervertebral discs. Through the ventral sclerotome, neural crest cells migrate to form Schwann cells, dorsal root and sympathetic ganglia.**Stemness:** the ability of a cell to self-renew and maintain a wide differentiation potential.**Stoichiometric ratio:** a stable proportion of molecules interacting or reacting with each other.**Wallerian degeneration:** a process occurring after a nerve injury, characterized by the distal degeneration of the axons, myelin clearance and macrophage or microglia infiltration.

Fig. 1.**ColVI structure, assembly and mutations linked to human nervous system diseases.** (A) Schematic representation of ColVI chains and their protein domains. (B) Diagram displaying ColVI assembly and secretion. (C) A summary of the mutations in *COL6* genes that were described to be linked to human disorders affecting the CNS and the PNS. BM, Bethlem myopathy; ER, endoplasmic reticulum; FN-III, fibronectin type III; TH, triple-helical domain; vWFA, von Willebrand factor type A.

For many years, ColVI has been described as being composed of three chains, α1(VI), α2(VI) (both ∼140 kDa) and α3(VI) (∼250 kDa), encoded by the *COL6A1*, *COL6A2* and *COL6A3* genes, respectively ([@DMM032946C20]; [@DMM032946C25]). However, further studies examining genomic databases identified three additional ColVI chains, named α4(VI) (∼250 kDa), α5(VI) (∼290 kDa) and α6(VI) (∼250 kDa), encoded by the *COL6A4*, *COL6A5* and *COL6A6* genes ([@DMM032946C33]). These share homology with the α3(VI) chain ([@DMM032946C35]). In humans, the *COL6A4* gene is inactivated, as it underwent an inversion during primate evolution, generating two separate nonprocessed pseudogenes ([Box 1](#DMM032946B1){ref-type="boxed-text"}) ([@DMM032946C33]; [@DMM032946C35]). The different ColVI chains share some common features, such as a relatively short triple-helical (or collagenous) domain and two large globular N- and C-terminal regions. These contain variable numbers of von Willebrand factor type A (vWFA) modules ([Fig. 1](#DMM032946F1){ref-type="fig"}A), making the structure of ColVI unique among the collagens ([@DMM032946C21], [@DMM032946C22]; [@DMM032946C4], [@DMM032946C5]; [@DMM032946C3]). ColVI chains are also characterized by the presence of conserved cysteine residues in the triple-helical domain and at the junctions between the globular regions and the triple helix, forming a number of disulphide bonds required for chain assembly into monomers, dimers and tetramers. Indeed, ColVI has a distinctive multistep process of intracellular assembly in which three chains assemble into triple-helical monomers of ∼500 kDa ([Fig. 1](#DMM032946F1){ref-type="fig"}B). These monomers assemble with a 1:1:1 stoichiometric ratio ([Box 1](#DMM032946B1){ref-type="boxed-text"}) between the main three chains (α1, α2 and α3), where the α3(VI) chain can be substituted by one of the newly identified ones in specific tissues ([@DMM032946C81]). Disulphide bonds then allow the formation of antiparallel dimers (∼1000 kDa) and finally tetramers (∼2000 kDa) ([Fig. 1](#DMM032946F1){ref-type="fig"}B) ([@DMM032946C25], [@DMM032946C26]; [@DMM032946C24]; [@DMM032946C23]). After post-translational modifications in the Golgi apparatus, the ColVI tetramers are secreted into the ECM, where they form the typical 100-nm periodic end-to-end beaded microfilaments ([Fig. 1](#DMM032946F1){ref-type="fig"}B) ([@DMM032946C10]; [@DMM032946C32]).

Owing to its causative role in several congenital muscular dystrophies, collectively named ColVI-related myopathies and including Bethlem myopathy (BM), Ullrich congenital muscular dystrophy (UCMD) and myosclerosis myopathy ([@DMM032946C56]; [@DMM032946C63]; [@DMM032946C7]), ColVI has been thoroughly investigated in skeletal muscles. Therefore, the amount of clinical, functional and molecular data currently available for ColVI in skeletal muscle is much larger than that for other tissues ([@DMM032946C12]). Nonetheless, a number of recent findings shed new light on the role of ColVI in the nervous system and will be discussed in this Review. These recent findings were based on studies in animal models ([Box 2](#DMM032946B2){ref-type="boxed-text"}) and genetic analyses in humans, linking ColVI gene variants to disorders of the nervous system. In this Review, we first provide an overview of previous and new findings on ColVI in the central nervous system (CNS), as well as its roles and functions in the peripheral nervous system (PNS). We then discuss the growing evidence of ColVI links with CNS diseases, highlight the several hints of its involvement in PNS disorders, and finally comment on its contribution to nervous system tumors. Box 2. Animal models revisited: an accent on the nervous systemAlthough largely used to investigate the myopathic phenotype induced by ColVI deficiency, genetically engineered animal models harboring mutant ColVI were recently able to reveal novel roles of this ECM component in the nervous system.In particular, ColVI null (*Col6a1*^−/−^) mice represent a peerless tool, not only as a valuable model for ColVI-related myopathies and for dissecting the critical functions of this ECM molecule in skeletal muscles, but also for investigating the roles of ColVI in other tissues ([@DMM032946C12]). The *Col6a1*^−/−^ mouse model bears a targeted inactivation of the *Col6a1* gene, thus preventing ColVI assembly and deposition within the ECM ([@DMM032946C6]). The use of *Col6a1*^−/−^ mice unveiled novel aspects of ColVI biology in the CNS and PNS, as discussed in the main text ([@DMM032946C17]; [@DMM032946C15], [@DMM032946C16]; [@DMM032946C13]). Other mouse models for ColVI-related myopathies were generated, such as those targeting the *Col6a3* gene. In particular, Pan and colleagues generated two transgenic mouse lines, one (*Col6a3^hm/hm^*) characterized by a hypomorphic *Col6a3* allele with a deletion of the sequences coding for a region important for stabilizing the triple helical monomer ([@DMM032946C69]), and a second one (*Col6a3^+/d16^*) harboring a deletion of exon 16 ([@DMM032946C70]). Two additional mouse lines were generated by targeting *Col6a2* ([@DMM032946C84]; [@DMM032946C64]).Zebrafish models for ColVI deficiency were also developed. Using morpholino oligonucleotides that target either exon 9 or exon 13 of the zebrafish *col6a1* ortholog to knock down mRNA expression, Dowling and colleagues showed that the morphant fish, those with reduced *col6a1* expression, display a myopathic phenotype ([@DMM032946C88]). The images provided in their paper showed defects that were more extensive than merely muscle malformations ([@DMM032946C88]). Although defects of the CNS and PNS were not considered in the study, the authors did describe significant motor deficiencies that cannot exclude neurological deficits. In order to overcome the limitations of transient knockdown with morpholinos, and to model and analyze later stages in disease, a zebrafish line with a mutation in the *col6a1* gene was recently generated by targeting the splice donor site of intron 14, resulting in an in-frame skipping of exon 14 of the corresponding mRNA ([@DMM032946C76]). Beside the presence of abnormal myofibers and the ultrastructural defects characteristic of ColVI-related myopathies, this zebrafish line also displayed erratic behaviors, suggested to be caused by oxygen intake deficits and hypoxia ([@DMM032946C76]). Such abnormal behaviors were elsewhere linked to anxiety ([@DMM032946C31]), thus suggesting novel hypotheses for CNS involvement.Other ColVI genes, besides *col6a1*, were also targeted in zebrafish. Telfer and colleagues previously demonstrated that morpholino-mediated knockdown of *col6a3* exon 9 recapitulated the myopathic phenotype of *col6a1* morphants ([@DMM032946C88]). Intriguingly, a recent study used morpholino-mediated disruption of *col6a3* exon 42 in zebrafish embryos to corroborate data collected from human patients affected by dystonia. They demonstrated that the morphants had axonal outgrowth deficits without a primary muscular involvement ([@DMM032946C98]). Similar findings concerning altered axonal growth were demonstrated in *col6a2* and in *col6a4* zebrafish morphants, which also displayed motor activity abnormalities and muscle defects ([@DMM032946C77]).The various findings collected from the animal models described above emphasize the importance of *in vivo* studies for unraveling the novel roles of ColVI in specific tissues, such as the nervous system, and for revealing unexpected phenotypical outcomes of targeted mutations. The development and use of tissue-specific *in vivo* models, such as conditional knockouts of the *Col6* genes in neurons and glial cells and CRISPR/Cas9-mediated genome editing, will certainly shed more light on the *in vivo* roles of ColVI in the nervous system.

ColVI in the CNS {#s2}
================

The ECM plays multiple roles in the different compartments of the CNS. Indeed, in the CNS, the ECM is found in the connective tissue, mainly consisting of the basal lamina associated with the meninges and the brain blood vessels, as well as in the nervous tissue itself, in the form of perineuronal nets and the neural interstitial matrix dispersed in the parenchyma ([Box 1](#DMM032946B1){ref-type="boxed-text"}) ([@DMM032946C57]). ColVI was reported to be present in both the CNS basal lamina and nervous tissue parenchyma. Immunohistochemical analyses initially associated ColVI deposition with brain blood vessels in human CNS samples. In particular, ColVI has been found in the adventitia ([Box 1](#DMM032946B1){ref-type="boxed-text"}) of the meningeal vessels and of the larger intraparenchymal arteries and veins, but not in cortical vessels, including capillaries ([@DMM032946C80]). The same study also detected abundant deposition of this ECM protein in the choroid plexus ([Box 1](#DMM032946B1){ref-type="boxed-text"}), in the superficial glia ([Box 1](#DMM032946B1){ref-type="boxed-text"}) and in cranial nerves ([@DMM032946C80]). ColVI deposition in the CNS is dynamically regulated during development. At 21 weeks of gestation, ColVI-positive vessels were observed by immunohistochemistry in the basal ganglia and deep white matter, while from 38 weeks of gestation onwards, the presence of ColVI becomes restricted to the cerebral cortex and the superficial white matter ([@DMM032946C50]).

ColVI also plays a key role in the development of the meninges. A study highlighting the importance of the ECM in the proper organization of the glia limitans ([Box 1](#DMM032946B1){ref-type="boxed-text"}) described the ability of meningeal cells to secrete ColVI ([@DMM032946C83]). Further studies in mice revealed the presence of *Col6a1* transcripts in the meninges in all the developmental stages included in the analysis, from embryonic day (E) 11.5 to postnatal life ([@DMM032946C61]). In agreement with this, another study showed that the mRNA and protein products for the three main ColVI chains ([Fig. 1](#DMM032946F1){ref-type="fig"}A) are present in murine meninges during embryogenesis, mostly from E12.5 to E14.5 ([@DMM032946C30]). These data indicate an important role for meningeal cells in secreting and depositing a highly specialized ECM in the nervous system, and point at a role for ColVI in organizing such a matrix. Interestingly, ColVI expression was also observed in the mesenchyme of the developing murine choroid plexus at E14 ([@DMM032946C30]), underscoring a role of ColVI not only in CNS basal lamina organization, but also in modulating neural tissue homeostasis.

Concerning the presence of ColVI in the nervous tissue proper, its source and regulation are still an open field of investigation. Studies of transgenic mouse lines expressing the *lacZ* reporter ([Box 1](#DMM032946B1){ref-type="boxed-text"}) fused with various fragments of the *Col6a1* regulatory regions upstream of the transcription start site (TSS), revealed that the transcriptional control of the *Col6a1* gene is remarkably complex and dynamic, with several regulatory elements arranged in a modular manner across a locus of more than 10 kb. These regulatory elements confer in a spatially and temporally restricted expression ([@DMM032946C9]). The same study identified one regulatory element located between 4.0 and 5.4 kb upstream of the TSS that confers *Col6a1* expression in peripheral nerves, as well as one enhancer located between 6.2 and 7.5 kb upstream of the TSS regulating *Col6a1* expression in the meninges. Although a previous northern blotting-based study did not detect expression of ColVI in the murine CNS ([@DMM032946C61]), *Col6a1* expression was subsequently identified in the CNS parenchyma of the transgenic *lacZ* mouse lines discussed above. At the time, a possible explanation for this discrepancy suggested that repressive elements, which would normally repress *Col6a1* expression in the brain and thus corroborate the findings in [@DMM032946C61], were absent from the sequences used for generating the different *lacZ* transgenic mouse lines ([@DMM032946C9]).

A recent body of work, reporting ColVI expression in the brain and its implications in CNS diseases, prompted renewed interest in this protein. In particular, a key study demonstrated that the mRNA and protein levels for ColVI are elevated in the hippocampal neurons of Alzheimer\'s disease patients, as well as in a commonly used transgenic mouse model of Alzheimer\'s disease expressing mutant human amyloid precursor protein (APP; [Box 1](#DMM032946B1){ref-type="boxed-text"}) ([@DMM032946C17]). In another study, expression of *Col6a1*, *Col6a2* and *Col6a3* genes was detected in murine primary hippocampal neurons and reported to increase following UV irradiation of the cultured cells ([@DMM032946C18]). The addition of soluble ColVI, but not of other collagens such as types I and IV, to the culture medium rescued UV-induced apoptosis and limited dendrite shrinkage by acting through the protein kinase B (PKB or Akt; AKT1) and c-Jun N-terminal kinase (JNK; MAPK8) pathways. These experiments confirmed that ColVI is functional in neuronal cells and indicated a neuroprotective role for this protein in the brain upon injury ([@DMM032946C18]). More recently, *Col6a3* mRNA expression was detected in neurons throughout the mouse adult brain, even in the absence of any kind of injury ([@DMM032946C98]). Recent work by our group, aimed at investigating the physiological role for ColVI in the brain, also reported ColVI expression in primary hippocampal neurons, as well as in the meninges and brain blood vessels, in the hippocampal region, and in the corpus callosum ([Box 1](#DMM032946B1){ref-type="boxed-text"}). Moreover, we demonstrated the presence of distinctive neurodegenerative traits in aged ColVI knockout (*Col6a1*^−/−^) mice ([Box 2](#DMM032946B2){ref-type="boxed-text"}), pointing at a protective role for ColVI in physiological aging ([@DMM032946C13]), further corroborating the concept that ColVI protects neuronal cells against age-dependent neurodegeneration. Using wild-type and *Col6a1*^−/−^ mice, we found that the *COL6* genes were upregulated during aging and demonstrated that geriatric (23-month-old) ColVI-null mice displayed a higher incidence of apoptosis, higher oxidative damage and altered autophagic flux in neuronal cells compared with age-matched wild-type mice. The occurrence of neurodegenerative hallmarks in aged ColVI-null mice was accompanied by impaired motor coordination and spatial memory, highlighting a crucial neuroprotective role of ColVI during physiological aging ([@DMM032946C13]).

In the published studies aimed at identifying transcriptional profiles and signatures associated with neuronal network architecture, *COL6A1* was even listed among a selected number of genes involved in cortical lamination in humans ([@DMM032946C54]). *COL6A1* was also reported within a set of genes that are upregulated in the human cerebral cortex with respect to nonhuman primates, indicating a specific involvement of this gene in human brain development and evolution ([@DMM032946C11]). Together, the data discussed above demonstrate that neuronal cells are able to produce and secrete ColVI, and that ColVI secretion is functional, mainly exerting protection of neurons against stress.

ColVI in the PNS {#s3}
================

Although the detailed dissection of ColVI expression and distribution in the CNS is still an open field of research, ColVI expression in the PNS is well known to be much more abundant, both during embryogenesis and in postnatal life. ColVI deposition in the PNS mostly occurs in the distal portion of the nerves, as a sheath surrounding axon bundles, and in the ventral and dorsal roots of spinal nerves, where weaker, but distinct, ColVI expression has been detected ([@DMM032946C61]). The abundance of ColVI in the PNS allowed researchers to study it at a deeper level, leading to the dissection of its functions in this tissue from various developmental stages to adult age, and unraveling its mechanistic roles in the differentiation and regeneration of adult peripheral nerves ([Fig. 2](#DMM032946F2){ref-type="fig"}). During development, neural crest cells (NCCs; [Box 1](#DMM032946B1){ref-type="boxed-text"}) that will give rise to Schwann cells ([Box 1](#DMM032946B1){ref-type="boxed-text"}) and gangliar neurons in the PNS ([@DMM032946C47]) migrate out of the neural tube ([Box 1](#DMM032946B1){ref-type="boxed-text"}) driven by the surrounding ECM, which actually guides them to reach their differentiation sites ([@DMM032946C79]). Immunolocalization studies in chick embryos detected ColVI in the ECM deposited on the dorsolateral side of the neural tube, corresponding to the primary migratory pathway of NCCs that will give rise to melanocytes in the skin. At later developmental stages, ColVI was also found in the ventral sclerotome ([Box 1](#DMM032946B1){ref-type="boxed-text"}, [Fig. 2](#DMM032946F2){ref-type="fig"}) ([@DMM032946C74]). Moreover, ColVI displays the ability to promote neural crest attachment and migration, thus supporting the concept that this ECM protein participates in the regulation of NCC movement by providing a suitable migratory substrate ([@DMM032946C74]). Fig. 2.**ColVI is found along neural crest cell migratory pathways and regulates Schwann cell differentiation.** During embryonic development, neural crest cells (NCCs) originate from the neural tube closure site. After clustering at the dorsal apex of the neural tube (blue, NT), they soon migrate along two alternative paths: dorsolateral (1) or ventral (2) ([@DMM032946C47]). Along the dorsolateral path, ColVI is detectable in close proximity to the neural tube basement membrane, in the subectodermal basement membrane and surrounding the dermatome (red, DT) ([@DMM032946C74]). NCCs entering this route give rise to melanocytes, once they colonize the developing dermis. At developmental stages following gangliogenesis, ColVI is found all around the developing dorsal root ganglia (green, DRG) and in the ventral sclerotome (purple, ST) ([@DMM032946C74]). Indeed, NCCs can stop at the ventrolateral site of the developing DRG (2) or continue in a more ventral direction (3) towards the sclerotome, where they will give rise to the sympathetic ganglia ([@DMM032946C47]). The involvement of ColVI in Schwann cell (SC) differentiation is depicted in the enlarged circular inset. The immature Schwann cells acquire the competence to express ColVI via axon-derived neuregulin (NRG) signals, and soon after that, ColVI expression becomes NRG independent. Once SCs develop their mature myelinating phenotype, they cease to express *COL6* ([@DMM032946C90]).

Studies on the transcriptional regulation of the murine *Col6a1* gene identified a specific enhancer region located ∼4.5 kb upstream of the TSS and driving its expression in the PNS ([@DMM032946C37]). A mechanistic study using transgenic *lacZ* reporter mouse lines demonstrated that ColVI expression in immature Schwann cells is initiated by neuregulin, a neuronal growth factor that is released by the growing nerve endings ([@DMM032946C90]). This occurs at the stage in which immature Schwann cells start differentiating into myelinating ones. The dependence on neuregulin is lost as soon as ColVI expression is elicited, and once Schwann cells acquire their mature myelinating phenotype, they cease to express ColVI ([Fig. 2](#DMM032946F2){ref-type="fig"}) ([@DMM032946C90]). Further studies confirmed the presence of ColVI in the adult connective tissue of endo-, peri- and epineurium ([Box 1](#DMM032946B1){ref-type="boxed-text"}), deposited in the basement membrane by Schwann and perineural cells ([@DMM032946C72]; [@DMM032946C15]). Indeed, the proper assembly of the Schwann cell/neuron basement membrane was shown to be crucial in regulating Schwann cell maturation and myelination ([@DMM032946C19]).

As reported for other ECM components, such as laminin-2 ([@DMM032946C27]; [@DMM032946C95]), laminin-8 ([@DMM032946C92]) and collagen XV ([@DMM032946C78]), ColVI displays a pivotal role in regulating peripheral nerve myelination and function. Using the ColVI knockout mouse model ([Box 2](#DMM032946B2){ref-type="boxed-text"}), our group demonstrated that ColVI is necessary to ensure proper myelination. This was supported by *in vivo* evidence that a lack of ColVI in the *Col6a1*^−/−^ mouse model induces peripheral nerve hypermyelination in adult animals. The effects of ColVI on Schwann cells involve the activation of the signaling pathways that promote myelination, such as focal adhesion kinase (Fak; PTK2), Akt, extracellular signal-regulator kinase (Erk; MAPK1) and p38-mitogen activated protein kinase (p38; MAPK14), with a concomitant inhibition of negative regulators, including vimentin, JNK and Jun proto-oncogene (c-Jun; JUN) ([@DMM032946C15]). Additionally, *in vitro* experiments showed that Schwann cells cultured on a ColVI substrate display decreased expression of myelin-associated proteins, further pointing at an inhibitory effect of ColVI on myelination ([@DMM032946C15]). The structural alterations of myelin in peripheral nerves in ColVI knockout mice are associated with functional deficits, such as reduced nerve conduction velocity ([Box 1](#DMM032946B1){ref-type="boxed-text"}) with shorter internodal length, and impaired motor coordination, as revealed by ledged-beam walking tests ([Box 1](#DMM032946B1){ref-type="boxed-text"}) and footprint analyses. Sensory functions also appeared affected by ColVI ablation, because *Col6a1*^−/−^ mice had disorganized C-fibers and exhibited delayed nociception ([Box 1](#DMM032946B1){ref-type="boxed-text"}) responses to thermal and mechanosensory stimulations ([@DMM032946C15]).

The role of ColVI in peripheral nerve regeneration was also studied. Indeed, a recent study revealed that ColVI expression is rapidly increased at the site of sciatic crush injury in wild-type mice, and this event has a key role in the recruitment of macrophages and in their polarization towards the M2/pro-regenerative phenotype. The lack of ColVI in *Col6a1*^−/−^ mice causes delayed sciatic nerve regeneration upon injury, with significantly decreased macrophage recruitment to the site of injury and decreased M2 polarization when compared with similarly treated wild-type mice ([@DMM032946C16]).

ColVI involvement in CNS diseases {#s4}
=================================

Although ColVI expression and deposition in the brain has not yet been completely characterized, a number of recently published studies link ColVI to neurological disorders, suggesting a crucial, though still poorly defined, role of this ECM component in CNS homeostasis ([Fig. 3](#DMM032946F3){ref-type="fig"}). ColVI was shown to be neuroprotective in the presence of cellular stress ([@DMM032946C18]), as well as in neurodegeneration. As discussed above, higher levels of the *Col6a1* transcript and protein were observed in hippocampal neurons of mice expressing mutant human APP, and a higher expression of *COL6A1*, *COL6A2* and *COL6A3* mRNA was also detected in the dentate gyrus ([Box 1](#DMM032946B1){ref-type="boxed-text"}) of Alzheimer\'s disease patients compared with cognitively normal controls ([@DMM032946C17]). Treatment of murine primary neuron cultures with amyloid-β (Aβ)-42 peptides, the 42 kDa neurotoxic cleavage product of APP often found in Alzheimer\'s disease, stimulated ColVI expression via a TGF-β type II receptor-dependent mechanism. Moreover, ColVI treatment of primary neuronal cultures prevented the interaction of Aβ-42 oligomers with neurons, supporting a neuroprotective effect for ColVI ([@DMM032946C17]). The neuroprotective response elicited by ColVI does not appear to be exclusively directed against Aβ-42-dependent injury, since an independent study showed a protective effect for ColVI against UV-induced apoptosis via the activation of Akt/phosphatidylinositol 3-kinase (PI3K; PIK3CA) signaling ([@DMM032946C18]). Fig. 3.**Pathological aspects of the brain related to ColVI alterations.** In the brain, the ECM is associated with the meningeal and vessel basement membranes (red, 1) or forms perineuronal nets and the neural interstitial matrix (yellow, 2) ([@DMM032946C50]; [@DMM032946C80]; [@DMM032946C98]). Alterations in ColVI deposition associated with the basement membrane were reported in amyloid angiopathy and chronic hypertension ([@DMM032946C100]; [@DMM032946C80]). Moreover, ColVI displays cytoprotective roles against neuronal cell death induced by stress (such as UV irradiation and amyloid-β toxicity) and aging ([@DMM032946C17], [@DMM032946C18]; [@DMM032946C12]). Mutations in ColVI were recently linked to defective neuronal pathfinding and altered synaptic plasticity, leading to dystonia and epilepsy, respectively ([@DMM032946C98]; [@DMM032946C51]). SAS, subarachnoid space.

Notably, recent studies described the occurrence of *COL6* gene mutations in human CNS diseases ([Fig. 1](#DMM032946F1){ref-type="fig"}C). Compound heterozygous mutations of *COL6A3* were found in five patients suffering from autosomal recessive early-onset isolated dystonia (DYT27, OMIM \#616411), a neurological disorder characterized by involuntary muscle contractions ([@DMM032946C98]; [@DMM032946C48]). The mutations were identified in exons 36, 41 and 42 of *COL6A3*, encoding for the C1 (exon 36) and C4 (exons 41 and 42) domains at the C-terminal end of the α3(VI) chain, and affect amino acid residues that are highly conserved among mammalian species. *In situ* hybridization ([Box 1](#DMM032946B1){ref-type="boxed-text"}) in adult mouse brain sections showed that neurons, including those located in the motor areas and known to be related to dystonia, express the *Col6a3* gene ([@DMM032946C98]).

*In vivo* studies in zebrafish ([Box 2](#DMM032946B2){ref-type="boxed-text"}), in which the ortholog of human *COL6A3* exon 41 was knocked down by morpholino oligonucleotides ([Box 1](#DMM032946B1){ref-type="boxed-text"}), revealed abnormalities in motor neuron pathfinding and defective neuronal branching and extension ([Fig. 3](#DMM032946F3){ref-type="fig"}) ([@DMM032946C98]). These findings suggest that mutations of the fibronectin III (FN-III) motif of the C4 domain of the α3(VI) chain ([Fig. 1](#DMM032946F1){ref-type="fig"}A) might affect the correct early development of neuron circuits, as well as the synaptic remodeling of adult brain. This is in agreement with the finding that the FN-III motif of another ECM protein, tenascin-C, is able to modulate synaptic plasticity and axonal outgrowth ([@DMM032946C87]), thus suggesting a role for the α3(VI) C4 domain in synaptogenesis and in the maintenance and/or stability of neural circuits.

Mutations of the *COL6A2* gene were linked to another neurodegenerative disease, progressive myoclonus epilepsy syndrome (PME), characterized by seizures, myoclonus, ataxia, cognitive defects and early death ([@DMM032946C51]). This study described a consanguineous family in which two siblings diagnosed with PME carried a homozygous missense mutation in the *COL6A2* gene, causing an Asp to Asn substitution in the vWFA module of the N-terminal region of the α2(VI) chain. Interestingly, chromosomal aberrations involving the *COL6A2* gene were previously linked to febrile seizures and idiopathic generalized epilepsy ([@DMM032946C53]). These findings are of great interest, because the relevance of collagens and ECM remodeling in the onset of epilepsies is widely accepted ([@DMM032946C29]), thus highlighting a fundamental role of the ECM in brain physiology and pathology.

Differently, the contribution of ColVI to brain vessel architecture can be appreciated in pathological states involving ECM remodeling, such as cerebrovascular diseases ([Fig. 3](#DMM032946F3){ref-type="fig"}). Changes in the distribution of different collagen types in brain vessels were studied in postmortem biopsies from patients affected by amyloid angiopathy ([Box 1](#DMM032946B1){ref-type="boxed-text"}) ([@DMM032946C100]). In these biopsies, the tunica media of amyloid-containing vessels exhibited a strong decrease in collagen types I, III, V and VI compared to control biopsies. These findings were remarkably different to what was seen in other angiopathies, where increased amounts of collagens are deposited in the ECM ([@DMM032946C99]), and the authors suggested that the higher rate of vessel rupture seen in amyloid angiopathy might be caused by the degeneration of the tunica media associated with the decreased collagen deposition in the ECM.

ColVI deposition was also investigated in brain samples from patients affected by chronic hypertension, and compared with normal brains ([@DMM032946C80]). In the controls, ColVI was detected in the adventitia of meningeal and larger intraparenchymal vessels, as well as in the choroid plexus and glia limitans. ColVI deposition in hypertensive patients extended into the vascular intima and media, and in cortical vessels, probably acting as a sclerosing component during hypertension. In a number of independent studies, ColVI was associated with glaucoma, a central optic neuropathy. The optic nerve is considered part of the CNS, as it derives from an outpocketing of the diencephalon ([Box 1](#DMM032946B1){ref-type="boxed-text"}) during embryonic development ([@DMM032946C38]). Besides their optic nerve origin, glaucomatous injuries are increasingly associated with classical neurodegenerative diseases owing to some common features, such as neuronal loss ([@DMM032946C97]). Glaucoma is caused by high intraocular pressure, which leads to retinal ganglion cell death, optic axon degeneration and blindness ([@DMM032946C93]). Primary open-angle glaucoma, one of the most frequent forms, is also characterized by elastosis of the prelaminar and laminar regions, and increased connective tissue deposition in the postlaminar region ([@DMM032946C42]). An increased deposition of ColVI was reported in glaucoma ([@DMM032946C49]) and it was suggested to be induced in optic nerve astrocytes by growth factors, such as TGF-β2, circulating in the aqueous humor ([Box 1](#DMM032946B1){ref-type="boxed-text"}) ([@DMM032946C66]). Indeed, treatment of cultured human primary astrocytes with TGF-β2 induces the expression of connective tissue growth factor which, in turn, upregulates ColVI, together with elastin ([@DMM032946C66]).

As evident from the studies described above, CNS diseases linked to ColVI span a remarkable range of tissues and compartments, from the hippocampus to the optic nerve, and from neurons to brain vessels, thus pointing at a broad implication for ColVI in the proper maintenance of CNS homeostasis.

ColVI involvement in PNS diseases {#s5}
=================================

Besides the increasing number of CNS diseases linked to ColVI genes, a much deeper characterization of ColVI localization and function was achieved in the PNS. However, a precise association of this ECM component with myelinating diseases or neuropathies, as it may be expected according to phenotypic studies in mice, has not yet been obtained. In spite of this, abnormal ColVI expression in pathological states affecting the PNS was reported by different groups.

An interesting case is represented by Hirschsprung disease (HSCR), a congenital affection of the enteric nervous system characterized by deficient innervation of the distal bowel, thus leading to severe functional obstructions ([@DMM032946C1]). A recent study described the genetic and phenotypic characterization of a novel animal model for HSCR, called the Holstein mouse (*Hol^Tg/Tg^*). This line was generated through an insertional mutagenesis screening ([Box 1](#DMM032946B1){ref-type="boxed-text"}) for genes important for NCC development. The molecular analysis of *Hol^Tg/Tg^* mice identified an untargeted transgenic insertion upstream of the *Col6a4* gene, causing upregulation of ColVI expression in enteric NCCs (eNCCs). Phenotypically, these animals die prematurely due to aganglionic megacolon ([Box 1](#DMM032946B1){ref-type="boxed-text"}) ([@DMM032946C86]). The increased ColVI synthesis and ECM deposition by eNCCs during development is supposed to affect their migration capabilities, with defective eNCC migration in *Hol^Tg/Tg^* embryos. Additional studies demonstrated a less efficient response of eNCCs to the migration-promoting effects of fibronectin in *ex vivo* midgut explants ([@DMM032946C43]). Remarkably, an increased ECM deposition of ColVI was found around the enteric ganglia of HSCR patients ([@DMM032946C86]). By emphasizing that Down syndrome patients are strongly predisposed to HSRC, Heuckenroth and colleagues proposed that the *COL6A1/2* genes, located on human Chr.21q and overexpressed in trisomy 21 fetuses ([@DMM032946C91]) and postnatal intestines ([@DMM032946C86]), could also be candidates for predisposition to HSCR ([@DMM032946C43]).

ColVI has been associated with diabetic peripheral neuropathy, a long-term complication of the primary disease and characterized by distal axonopathy, loss of nerve fibers and Wallerian degeneration ([Box 1](#DMM032946B1){ref-type="boxed-text"}) ([@DMM032946C94]). Remodeling of the ECM occurs as a consequence of diabetes mellitus and is supposed to influence the nerve regeneration processes ([@DMM032946C73]; [@DMM032946C44]). Abnormal deposition of ColVI in human diabetic neuropathy was reported by Muona and colleagues, who observed a thickening of the perineural basement membranes, together with the presence of ColVI-positive microfibrils and Luse bodies ([Box 1](#DMM032946B1){ref-type="boxed-text"}) ([@DMM032946C65]). In a spontaneous diabetic rat model, the authors corroborated the presence of ColVI-positive microfibrils in the neuropathic perineural basement membrane. Moreover, they demonstrated that ColVI expression was upregulated *in vitro* upon glucose treatment of co-cultured perineural cells, Schwann cells and neural fibroblasts, thus indicating altered ColVI biosynthesis due to the hyperglycemic environment ([@DMM032946C65]). Consistent with these findings, the deposition of ColVI, as well as of tenascin-C and collagen V, was significantly elevated in endoneurial connective tissues of patients affected by diabetic neuropathy ([@DMM032946C44]). A significant increase in ColVI deposition was found in the perineurium of neuropathic nerves too, thus demonstrating broader changes to the connective tissue compartment. However, it remains to be established whether this ECM remodeling is a pro-regenerative response to diabetic nerve injury or, conversely, is a side effect of chronic nerve damage ([@DMM032946C44]).

A reorganization of the ECM was also reported for hereditary neuropathies, such as Charcot-Marie-Tooth disease type I (CMT1), a demyelinating neuropathy caused by mutations of different genes expressed by myelinating Schwann cells. In healthy sural nerves, ColVI is present at the level of perineural layers, Schwann cells, epi- and endoneurial vessels and stroma, together with epineurial fibroblasts. In CMT1 patients, ColVI expression was found to be particularly increased in association with Schwann cells around myelinated fibers. A similar upregulation was also found in samples from patients affected by chronic idiopathic axonal polyneuropathy, another hereditary neuropathy ([@DMM032946C68]).

Only recently, the first pieces of evidence concerning the link between mutations in *COL6* genes and peripheral neuropathic conditions were collected ([Fig. 1](#DMM032946F1){ref-type="fig"}C). Hunter and colleagues described the clinical features of two childhood myopathy cases whose electromyography (EMG; [Box 1](#DMM032946B1){ref-type="boxed-text"}) revealed abnormalities suggestive of neuropathy or neurogenic defects. The candidate genetic variants were identified through whole-exome sequencing ([@DMM032946C46]). One of the two patients carried a homozygous missense mutation in *COL6A3*, which was already known to be pathogenic and linked to BM. Before a detailed assessment, this patient was erroneously assigned different diagnoses, including CMT, and EMG analysis suggested chronic motor neuropathy. A second patient, bearing the same mutation in one allele of *COL6A3* and a different variant affecting the second allele of the same gene, presented fibrillations and sharp waves in the anterior tibialis by EMG analysis, associated with evidence of muscle fiber splitting and muscle fiber atrophy ([@DMM032946C46]). Although defects that can imply neurogenic aspects, such as reduced nerve conduction velocity, were rarely reported in previous studies of patients affected by ColVI-related myopathies (namely, BM, UCMD and myosclerosis), these more recent findings suggest that more specific EMG analyses could help with better defining the previously unrecognized contributions of peripheral nerve defects to ColVI-related myopathies. Indeed, a retrospective study on EMG and nerve conduction in children affected by different congenital muscular dystrophies reported borderline reduced motor and sensory nerve conduction velocities in two out of three UCMD patients. These findings suggest that the pathogenesis and course of nerve involvement in ColVI-related congenital muscular dystrophies should be further analyzed ([@DMM032946C75]), because a potential contribution from the nervous compartment could be underestimated. In keeping with the challenges in discriminating between peripheral nerve and muscle alterations due to a degree of symptom overlap, a case was described of a woman diagnosed with distal hereditary motor neuropathy on the basis of clinical and EMG data. This patient carried a heterozygous variant of the *TRPV4* gene, a polymorphism reported in the healthy population, and a new heterozygous mutation in *COL6A1* ([@DMM032946C58]). The patient\'s genotype implies that the presence of polymorphisms and variants in other genes might differentially affect the clinical phenotype of patients with ColVI-related disorders.

Beside the above considerations about the potential presence of peripheral nerve defects in ColVI-related myopathies, a separate whole-exome sequencing study identified two rare *COL6A5* variants in three different families affected by neuropathic chronic itch, and characterized by reduced intradermal nerve fiber density. Immunofluorescence and western blot analyses revealed markedly reduced α5(VI) expression ([@DMM032946C60]). This recent study represents the first report of peripheal neuropathy specifically associated with *COL6* mutations in humans. Interestingly, tissue-specific expression of the different ColVI chains was previously reported ([@DMM032946C35], [@DMM032946C36]). The identification of specific *COL6* mutations linked to a major nerve defect points at the potential involvement of unique ColVI domains as well as of distinct receptors.

ColVI in benign and malignant tumors of the nervous system {#s6}
==========================================================

ColVI has been implicated in benign and malignant tumors affecting various tissues, spanning from colon to breast, ovary, lung and skin. ColVI exerts various pro-tumorigenic effects, such as by acting on the Akt--glycogen synthase kinase (GSK) 3β--β-catenin--T cell factor/lymphoid enhancer factor (TCF/LEF) axis, enhancing the production of pro-tumorigenic factors, and increasing the recruitment of tumor-associated macrophages ([@DMM032946C14]).

The initial studies reporting ColVI expression in nervous system tumors were conducted in cultured glioblastoma cell lines. ColVI deposition in the cultures was postulated to be actively involved in tumor invasiveness, because glioblastoma cells cultured on rat brain slices displayed strong ColVI labeling in the tumor mass and in the invading cells ([@DMM032946C39], [@DMM032946C40]). In agreement with this, recent studies associated ColVI with glioma, the most common primary tumor of the CNS. Gliomas are classified in four grades based on their histological and malignant features, from the lowest, more benign pilocytic astrocytoma (grade I), to the highest, more aggressive glioblastoma multiforme (grade IV) ([@DMM032946C59]). Serial analysis of gene expression (SAGE) of gliomas of different grades and of nonmalignant CNS specimens showed differential expression of *COL6A1* in the different tumor grades, with the highest expression levels detected in aggressive grade III and IV glioblastoma, compared with a reduced expression in lower-grade (grade I and II) astrocytoma and normal glia ([@DMM032946C34]). Although this indicates that *COL6A1* expression might be a diagnostic marker for tumor progression, as its increased expression is a hallmark of high-grade gliomas, further studies pointed at *COL6A1* as a prognostic marker, because it is also associated with poor clinical outcome in grade IV glioblastoma multiforme ([@DMM032946C89]). Additionally, *COL6A2* expression was also reported to be associated with high-grade astrocytomas ([@DMM032946C8]), and gene expression profiling showed that both *COL6A2* and *COL6A3* are upregulated in pediatric brain tumors, including pilocytic astrocytoma, ependymoma, medulloblastoma and glioblastoma multiforme ([@DMM032946C28]).

In agreement with earlier work identifying ColVI co-distribution with fibronectin in the vasculature and stromal connective tissue of human gliomas ([@DMM032946C62]), further studies demonstrated the association of ColVI with the basal lamina of brain tumor vessels ([@DMM032946C45]; [@DMM032946C96]). Intracranial injection of B16F10 melanoma tumor cells into the corpus callosum of wild-type and *Col6a1*^−/−^ mice demonstrated that brain tumors are not able to grow in the absence of ColVI, owing to an impairment of vascular basal lamina organization ([@DMM032946C96]). Indeed, the lack of ColVI caused a reduced deposition of the basal lamina in tumor vessels, which was associated with delayed pericyte maturation and endothelial cell apoptosis. Ultimately, these abnormalities contributed to a reduced patency and an increased leakiness of tumor vessels ([@DMM032946C96]), thus revealing a crucial role for ColVI in brain tumor angiogenesis.

Consistent with the described ColVI deposition in the meninges, tumors affecting these specialized tissue layers are characterized by distinctive ColVI labeling. ColVI has been detected on the surface of the psammoma ([Box 1](#DMM032946B1){ref-type="boxed-text"}) bodies of human meningiomas, as well as on the tumor cells and in the surrounding interstitial matrix ([@DMM032946C41]). Clear cell meningioma, characterized by the presence of malignant cells filled with abundant glycogen (the so-called clear cells), frequently presents with ECM deposits that are strongly positive for ColVI and are considered to represent the degenerative remnants of long-lasting persistent tumors ([@DMM032946C55]; [@DMM032946C71]). Moreover, like for gliomas, ColVI chains were found to be differentially expressed in meningiomas, depending on tumor grade. In particular, proteomic analyses showed increased α1(VI) levels in grade I meningiomas, as well as increased α3(VI) levels in benign and low-grade meningiomas compared with higher-grade ones ([@DMM032946C82]).

The involvement of ColVI was also demonstrated in tumors affecting the peripheral nervous tissue. Tumors originating in the PNS are characterized by complex histological features, owing to the composite structure of the tissue itself, which consists of distinct cell types of different developmental origins. For example, neurofibromas and schwannomas derive from Schwann cells, whereas tumors arising from neurons give origin to neuromas ([@DMM032946C2]). Oda and colleagues reported that collagen staining in schwannomas displays a peculiar distribution, depending on specific tissue areas and cellular patterns. In particular, strong ColVI labeling was detected in bundles of microfibrils present in the intracellular space of the so-called Antoni type B regions of schwannomas ([@DMM032946C67]). In another study, a combination of *in situ* hybridization and immunohistochemistry demonstrated that the majority of neurofibroma cells express high levels of *COL6A2* and its protein product ([@DMM032946C72]). Finally, a study focusing on the distribution of collagen gene expression in cutaneous neurofibromas in relation to blood vessels showed that distinct subpopulations of endothelial cells express high levels of *COL6* mRNAs, suggesting that ColVI deposition might contribute to the growth and architecture of neurofibromas ([@DMM032946C85]).

The literature studies published so far highlight the presence of ColVI in tumors of the nervous tissue, as was reported for other compartments ([@DMM032946C14]). Based on these findings, some of the studies described above support differential ColVI expression as a promising diagnostic and prognostic factor. However, our knowledge concerning the active role of this ECM protein in the nervous system tumor microenvironment is still limited.

Conclusions {#s7}
===========

Although a growing number of studies are increasingly highlighting the distinct roles of ColVI in the nervous system, much work remains to be done to reach a more detailed understanding of the functions of this protein in the CNS and PNS. In particular, the CNS represents a major gap in knowledge, reflecting this organ system\'s intrinsic complexity. This is becoming extraordinarily amplified, rather than deconstructed, by the increasing amount of data coming from genetic, transcriptomic and proteomic studies. Neuroscience, more than any other research field, requires appropriate animal models for the *in vivo* dissection of the multiple functional aspects of cell circuits and of the different factors affecting them. In this respect, the currently available, as well as novel *in vivo* models for investigating ColVI ([Box 2](#DMM032946B2){ref-type="boxed-text"}) in the nervous system are of high value and represent a peerless resource. Although our knowledge of ColVI functions in the CNS and in the PNS is still partial, it is evident that the expression and deposition of this distinctive ECM component in the nervous system is highly dynamic and tightly controlled. It is finely tuned in different regions of the brain and in peripheral nerves, and across various developmental stages, but it is also regulated in response to different stress conditions. *COL6* genes have already been linked to different pathological conditions of the brain. The available data suggest that neurodevelopment could become a major field of future ColVI investigation, especially to identify further molecular and genetic defects of ColVI that are involved in disease phenotypes affecting the nervous system.
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